Mechanofluorochromism refers to compounds or materials for which the fluorescence spectra can be modified under mechanical stress (shearing, grinding, smearing, stretching, etc.). Since the first publications in the 2000s,^[@ref1]−[@ref3]^ the field has attracted considerable interest, and various systems have been described:^[@ref4]^ organic compounds,^[@ref5]^ organometallic complexes,^[@ref6]^ and polymers.^[@ref7]^ However, most of the studies focus on only bulk powders and materials, and very few studies have been reported on the design and investigation of nanoparticles.^[@ref8]−[@ref10]^ This topic is of major interest for the development of smart fluorescent (nano)materials with the possibility of revealing specific effects of the mechanofluorochromic behavior due to the increase of the surface-to-volume ratio, such as spatial amplification (the so-called "domino-like effect")^[@ref11]^ or enhancement by photophysical processes (namely, "giant amplification" by multiple energy transfer pathways).^[@ref12]^ It also offers appealing perspectives in mechanobiology with the possibility to create new tools to probe biological forces at the cell level.^[@ref13],[@ref14]^ Two first examples, reported in 2013 by Kobayashi et al.^[@ref8]^ and in 2017 by Fischer et al.,^[@ref9]^ describe spectral shifts of the emission spectra of conjugated polymer nanoparticles and quantum dots, respectively, upon application of a compression force induced by an AFM tip. A third example reported by Sagara et al.^[@ref10]^ describes the synthesis and preparation of mechanoresponsive micelles covalently linked to glass beads that are stimulated at the macroscale by vortexing the suspension. However, to the best of our knowledge, the comparison, for a given compound, of the mechanofluorochromism at the macroscale (by grinding a crystalline powder) and at the nanoscale (by applying shearing stress using an AFM tip on nanoparticles) has never been studied, while it appears of utmost importance to understand the phenomenon and its specific size-dependent effects. Among the different families of molecules identified for their bright fluorescence properties, the difluoroboron β-diketonate derivatives are well-known for their mechanofluorochromic behavior.^[@ref15]−[@ref17]^ Several studies have investigated their properties at the nanoscale for application in biological imaging^[@ref18],[@ref19]^ and as oxygen sensors,^[@ref20]−[@ref24]^ but no report has been published related to the potential mechanofluorochromic behavior of these nanoparticles.

Our research focuses on the study of a difluoroboron β-diketonate derivative to explore the influence of mechanical stress on the emission properties at the nanoscale. We describe here the preparation and characterization of nanoparticles. A complete study, down to the single-nanoparticle level, performed via a setup coupling AFM and fluorescence spectroscopy, allows us to highlight for the first time the specific fluorescence response induced by mechanical stress at the nanoscale on this family of materials.

The **DFB-Bu-Amide** derivative is introduced in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a. In a previous paper,^[@ref25]^ the mechanofluorochromic behavior of this compound in the bulk state was fully detailed and its polymorphic nature was described. Two crystalline polymorphs were identified: a green-emissive one (λ~max~^em^ ≈ 480 nm) and a yellow-emissive one (λ~max~^em^ ≈ 510 nm), both present in different proportions in the crystalline powders isolated after purification. A yellow/orange-emissive amorphous phase (λ~max~^em^ ≈ 540 nm), generated by grinding the powder in a mortar, was also outlined, as evidenced by powder X-ray diffraction before and after grinding (cf. [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}c).

![(a) **DFB-Bu-Amide** structure and description of the reprecipitation method used for preparation of the nanoparticles. (b) Absorption spectra (full lines) and emission spectra (dotted lines) of **DFB-Bu-Amide** in THF solution (blue lines), as a suspension of nanoparticles in H~2~O/THF 80:20 (green lines), and in the solid state (black line). (c) Photographs of the fluorescence of **DFB-Bu-Amide** in THF solution, as a suspension of nanoparticles, and in the solid state (green-emissive crystalline powder in the center and yellow/orange-emissive amorphous phase obtained after grinding).](jz9b01923_0001){#fig1}

The nanoparticles were prepared by the reprecipitation method in a H~2~O/THF 80:20 mixture ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a). This method offers a quick and simple way to yield pure organic nanocrystals. The absorption spectrum of the nanoparticles is relatively similar to the one obtained in THF solution ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b), however, with a disappearance of the vibrational structure and a slight red shift of the absorption maxima (∼950 cm^--1^), indicating weak interactions between the molecules, in the ground state, within the nanoparticles. On the contrary, the emission spectra are significantly different ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b). The Stokes shift is increased, from 3000 cm^--1^ for the THF solution to 3650 cm^--1^ for the nanoparticles. Interestingly, the nanoparticles' emission spectrum is located halfway between the ones in THF solution and in the crystalline powder; this preparation method seems to favor the formation of the green-emitting crystalline polymorph. A dramatic decrease of the fluorescence quantum yield is however observed (0.06 in nanoparticles, compared to 0.86 in THF solution and 0.38 in crystalline solid, as shown in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}), which can be explained by the surrounding water medium in the colloidal state.

###### Absorption and Emission Maxima and Fluorescence Quantum Yield of **DFB-Bu-Amide** in THF Solution, in Nanoparticles, and in the Solid State (Crystalline Powder)

                                                  λ~max~ (abs)   λ~max~ (em)   Φ~F~
  ----------------------------------------------- -------------- ------------- ------
  solution (THF)                                  390 nm         442 nm        0.86
  nanoparticles (suspension in H~2~O/THF 80:20)   405 nm         475 nm        0.06
  solid state (crystalline bulk powder)                          510 nm        0.38

In order to investigate the mechanofluorochromic behavior of the nanoparticles, they were first deposited on cover-glass substrates and then studied by means of a setup coupling AFM and fluorescence microscopy equipped with an EMCCD camera and a CCD spectrograph ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a). The response of the nanoparticles under mechanical stress, which was applied via the tip of the AFM, can be investigated, as described later.

![(a) Scheme of the experimental setup coupling AFM and fluorescence microscopy. (b) AFM topography image, (c) histogram of height sizes, and (d) correlated fluorescence microscopy image of **DFB-Bu-Amide** nanoparticles deposited on a glass coverslide.](jz9b01923_0002){#fig2}

The setup was initially used to image the nanoparticles. As displayed in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b, a significant dispersity of sizes and shapes of nanoparticles are observed, which is often the case for nanoparticles produced by the reprecipitation method. Most of the nanoparticles have a platelet-like shape, with a height size, along the *z* axis, between 10 and 80 nm ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b,c). A small number of particles or aggregates with height sizes larger than 100 nm can be found in some areas.

Well-separated single nanoparticles could be further investigated by fluorescence spectroscopy on a single-particle basis. The wide-field fluorescence image of the nanoparticles was accurately correlated to the AFM image ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b,d), such that each fluorescence spot could be attributed to a well-defined nanoparticle with given sizes and shape. Then, individual fluorescence spectra of every single nanoparticle were recorded systematically. Over the 75 single nanoparticles examined by this procedure, two populations were spectroscopically identified in our samples. A large population of nanoparticles show emission maxima in the range of 500--575 nm, corresponding to yellow emission, whereas a small number of nanoparticles, with emission spectra located in the 425--500 nm intervals, represent a minor population of green-emitting nano-objects ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}c). These two distinct emission modes of the nanoparticles may actually correspond to the two different crystalline polymorphs existing in the bulk powder.^[@ref25]^ The platelet-like shape of the nanoparticles supports the hypothesis of crystalline nanomaterials.

![(a,b) Emission spectra and corresponding AFM images of two single yellow-emissive nanoparticles (a: NP1, b: NP2) before mechanical stimulation and after application of several shearing mechanical stress sequences (130 and 260 nN). Shearing stress applied by means of the AFM tip in the contact mode: tip velocity = 0.6--0.8 μm s^--1^ on an area of ∼0.2 μm^2^. Scale-bar = 200 nm. (c) Histogram of emission maxima (λ~max~) of 75 isolated **DFB-Bu-Amide** nanoparticles. (d) Histograms of emission maxima of single nanoparticles before (yellow) and after (green) mechanical stress, obtained for 30 yellow-emissive **DFB-Bu-Amide** nanoparticles. (e) Histogram of the corresponding hypsochromic shift values.](jz9b01923_0003){#fig3}

The same microscopy setup was then further employed to investigate the mechanofluorochromic behavior of the individual nanoparticles. A typical experiment is performed in three steps. First, a given nanocrystal is identified and characterized by its AFM topographic image, fluorescence image, and emission spectrum. Second, the AFM is set in contact mode with a constant vertical force of the tip (130 or 260 nN, with a ±30% accuracy) to trigger the mechanical stimulus on the nanoparticle. An AFM image is recorded in contact mode with a tip velocity ranging from 0.5 to 1.1 μm s^--1^, applying a local shearing force at the surface of the nanoparticle over an area of ∼0.2--0.3 μm^2^. Third, after the mechanical stress, the resulting shape of the nanoparticle is imaged by the AFM in tapping mode, and its fluorescence spectrum is recorded. To prevent any influence of the AFM tip on the recorded emission spectra,^[@ref26]^ the latter is displaced away from the probed area. This procedure is then repeated several times: the nanoparticle is stimulated with "AFM-based nano-shearing mechanical stress" of increasing intensity and followed by fluorescence spectroscopy until no more evolution of the emission spectra is observed.

We first investigated the emission properties of green-emissive nanoparticles under mechanical stress. Unfortunately, no noticeable change in the emission spectra could be detected even after several mechanical shearing stress sequences with a 130--520 nN vertical force of the AFM tip (see the Supporting Information, [Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.9b01923/suppl_file/jz9b01923_si_001.pdf)). Yellow-emissive nanoparticles proved to be much more interesting. Two representative examples, NP1 and NP2, are displayed in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a,b.

The analysis of the AFM images reveals that both selected nanoparticles are platelet-shaped with an approximative global surface area of 0.16 μm^2^, which was well-preserved during the experiment. The initial emission spectra of NP1 and NP2 are rather different with emission maxima peaking at 533 and 560 nm, respectively. In both cases, a significant hypsochromic shift of the emission spectra (64 and 81 nm, respectively) was induced upon shearing stress applied by the AFM tip. After a complete series of mechanical stimulations, NP1 and NP2 showed similar fluorescence spectra with maxima at 469 and 479 nm, respectively ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a,b). Interestingly, these final spectra are similar to the ones measured for green-emissive nanoparticles. The rate of fluorescence change under mechanical constraint is strongly nanoparticle-dependent: in the case of NP1, the emission evolves progressively, with a gradual hypsochromic shift under increasing mechanical stimulation, whereas in the case of NP2, the blue shift of the emission is sudden and complete after only one shearing step with a vertical force of 130 nN. It is known that the shearing of a crystal is more efficient along specific planes and directions called sliding lines.^[@ref27]^ Depending on the relative orientation of the crystalline lattice axes of the nanoparticle and the mechanical stress direction, the constraints projected along the sliding lines do not necessarily reach the level of the threshold value (namely, critical split). As a consequence, the morphology changes and the related fluorescence shifts are expected to be different from nanoparticle to nanoparticle; the full transition may be very efficient at low stimulation levels (e.g., NP2) or require much higher mechanical stress (e.g., NP1). This typical experiment was repeated for a total of 30 yellow-emissive nanoparticles, and the same mechanofluorochromic behavior was successfully demonstrated.

As an average, the investigated yellow-emissive nanoparticles displayed a maximum of emission at around 510--570 nm before any mechanical stimulation ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}d). A hypsochromic shift was systematically induced under AFM-based shearing stress, from 30 up to 90 nm (average: 60 nm, as displayed in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}e). Unfortunately, it has not been possible to establish any clear correlation between the size, shape, or initial fluorescence maxima and the extent of the blue shift observed after local shearing stress. It is worth noting that sometimes the integrity of the nanoparticles is not preserved; the morphology may be strongly affected after the first scans of the AFM in contact mode (see the Supporting Information, [Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.9b01923/suppl_file/jz9b01923_si_001.pdf)).

Interestingly, the large mechano-induced hypsochromic effect observed at the nanoscale is in contradiction with the red shift highlighted at the macroscale (see [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}c). Indeed, grinding the crystalline green-emissive bulk powder always leads to a bathochromic change of the emission (∼70 nm, 2400 cm^--1^), and shearing the yellow-emissive crystalline phase yields the same yellow--orange emissive amorphous phase.^[@ref25]^ Therefore, our observations of nanoscale mechanofluorochromism were unexpected. Such data suggest that all of the investigated yellow-emissive nanoparticles were initially in a metastable crystalline state ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a,b). The mechanical stress applied by the AFM tip may induce a crystal-to-crystal phase transition toward the green-emissive crystalline polymorph; the mechanical stimulus of the AFM tip can favor the transformation from one crystalline form to the other, with a possible transient amorphous phase.^[@ref11],[@ref28]^ Enhancement of the fluorescence intensity was frequently observed along the experiment (see the Supporting Information, [Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.9b01923/suppl_file/jz9b01923_si_001.pdf)), which could be attributed to a higher fluorescence quantum yield of the green-emissive phase compared to the yellow-emissive one.

The vertical force levels required to induce the emission change are larger than the ones employed in the article from Kobayashi et al., which were between 5 and 200 nN (in compression only, no shearing stress in their case).^[@ref8]^ On the other side, a report from De Cola et al.^[@ref29]^ describes the use of an AFM tip to write a pattern at the surface of a millimetric crystal using its mechanofluorochromic properties, with vertical forces of around 24 μN and scan rates up to 100 μm s^--1^. Therefore, downscaling from the macroscopic to the nanometric levels goes along with a decrease of the forces necessary to induce the mechanofluorochromic response.

In summary, we report here the preparation and study of nanoparticles of an amide-substituted difluoroboron β-diketonate derivative. After deposition of the nanoparticles on cover-glass substrates, two types of nanoparticles were investigated under the microscope and identified: green-emissive and yellow-emissive ones. Whereas the mechanical stress applied on green-emissive nanoparticles by means of a setup coupling AFM and fluorescence spectroscopy did not lead to any change of their fluorescence spectra, the analysis of yellow-emissive nanoparticles allows us to highlight for the first time a large mechanofluorochromic response at the nanoscale with this family of compounds. The AFM was used in contact mode with a constant vertical force between 130 and 260 nN to apply a shearing stress on the nanoparticles. Upon mechanical stimulation, the emission of the nanoparticles shifted from yellow to green, which could be attributed to a crystal-to-crystal phase transition. The hypsochromic shift (up to 90 nm) highlighted for the nanoparticles is at the opposite of the mechanofluorochromic properties observed at the macroscale because different processes are involved. In the bulk powder, the crystalline-to-amorphous transition is the dominant process upon force application. Further experiments are currently in progress, such as microscopy under polarized light or simultaneous fluorescence monitoring and AFM mechanical stimulation, in order to get deeper insights into the mechanism at the origin of mechano-induced fluorescence changes and investigate this "nanomechanofluorochromism" on other derivatives. These efforts would be required to develop effective force sensors at the nanoscale as potential tools to study mechanotransduction in cellular biology, for instance.

The Supporting Information is available free of charge on the [ACS Publications website](http://pubs.acs.org) at DOI: [10.1021/acs.jpclett.9b01923](http://pubs.acs.org/doi/abs/10.1021/acs.jpclett.9b01923).Experimental details, preparation methods, and spectroscopic and AFM data ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.9b01923/suppl_file/jz9b01923_si_001.pdf))
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